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ABSTRACT
For over a century, coal has been used worldwide to meet ever-growing energy demands. Coal
combustion accounts for over 30% of electricity generation in the United States. In the U.S., coal
combustion produces annually over 100 million tons of coal combustion products (CCPs) of which
only 30% are used in beneficial and economic ways. One of the primary CCPs from coal-burning
power plants is fly ash, typically fine-sized and enriched in many trace elements (e.g., arsenic,
chromium, lead, and vanadium). When disposed in the environment, fly ash may release
significant concentrations of trace elements into surrounding ecosystems and induce toxicity in
relevant biotas. In this study, focus has been given to the distribution and potential mobility of a
range of trace elements in the submicron components of fly ash obtained from various sources.
The specific goals of this study are to illuminate i) what trace elements tend to accumulate in the
fine (i.e., nanoscale) fractions of fly ash and in what patterns, ii) what are the release rates of trace
elements from the fine fractions as a result of aqueous dissolution, and iii) what role does
microorganisms play in affecting the mobilization of trace elements from the fine fractions of fly
ash. Overall, this work has direct implication for understanding the fate of CCPs in the
environment.
The fine fractions of CCPs such as economizer fly ash (EFA) and, fly ash (FA) collected from
two coal-fired power plants in Ohio and New Mexico were characterized by electron microprobe
(EMP), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
inductively coupled plasma mass spectrometer (ICP-MS), respectively, with a focus on the trace
element behavior during combustion and disposal. Previous analyses of the fly ash samples using
X-ray diffraction (XRD) found that they are dominantly amorphous glass material (~70%) with
minor mineral phases (~30%). Specifically, the fly ash consists of glass-like alumino-silicate
v

spheres, sized smaller than 50 µm, as observed by EMP, SEM, and TEM. To focus on the (sub)
micron fractions, the fly ash was further separated using a cyclone apparatus with a particle size
cutoff of ~2 µm. Examination of the submicron fractions using SEM and TEM revealed the
presence of nano-scale core and rim structures where metals like iron are prone to forming an
oxide coating layer on the particles; in comparison, metals like zinc are mainly retained in the core
of the fine particle. Also, calcium and phosphorus were found to grow solely on the particle
surfaces, suggesting that these elements deposit later during particle formation within a power
plant.
A series of microbiological experiments were conducted on the fine sieved fly ash (<150 µm)
involving a model bacterial strain Pseudomonas aeruginosa to assess the influence of biological
activities on the metal release from CCPs to an aqueous environment, and reversely, on the impact
of the presence of CCPs on the viability of the bacterial cells. The presence of P. aeruginosa cells
lowered the release of trace elements in the solution by 14.72% to 84.1% depending on the
element. In particular, the samples with microbes exhibited significant decrease of iron, aluminum,
manganese, vanadium, chromium, and arsenic.
Coupling electron microscopy characterization with microbiological experiments provides a
useful tool and perspective for studying coal combustion products environmental interactions.
Scanning electron microscope and transmission electron microscope techniques are powerful in
illuminating the overall distribution patterns of trace metals within coal fly ashes as well as
pinpointing the elements of special interest. Additionally, our microbiological study shows that
the ubiquitous biofilm-forming Pseudomonas aeruginosa has a strong preference to remove some
leached trace elements from coal fly ash in solution, likely through biosorption onto their cellular
components. This observation has significant implication for the application of similar
vi

microorganisms in mitigating the potential hazards of coal ash deposits and in bioremediation of
coal ash spills.
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1. INTRODUCTION
1.1. COAL COMBUSTION PRODUCTS
Among various energy options, coal is currently the single largest source of primary energy in
many countries. Coal combustion accounts for 29% of the world's consumption of primary energy
and generates 42% of the world's electricity (Thomas, 2013). Annually, the US produces over 100
million tons of coal combustion products (CCPs) of which only 30% are used in beneficial and
economical ways (Tishmack and Burns, 2004; Pandey and Singh, 2010). Beneficial uses of CCPs
include use in concrete mixtures, waste stabilization, base metal and rare earth element recovery,
and soil nutrient amendments (Swanson et al., 2013). Because CCPs are considered a solid waste,
but not a hazardous waste in the United States, there are few limitations on the way in which they
are disposed (40 CFR parts 257 and 261). Thus, excess ash products that are deemed unsuitable
for beneficial use are typically deposited in landfills, artificial holding ponds where the particles
can settle in water or placed in piles and are exposed to the environment. This disposal process has
potential to allow for toxic element to be leached from these fine CPPs and released into the
surrounding environment. Due to the high surface area-to-volume ratios, fine CCPs tend to be
more reactive in the environment and susceptible to environmental modification, transport and
redistribution where they can either be taken up by plants and other organisms (Silva and da Boit,
2011) or release associated trace elements to soils, surface waters, and groundwater (Jones et al.,
2012, Yang et al., 2015).
Coal combustion products and specifically fly ashes are highly variable in their morphology
and particle sizes. It is not uncommon to find particles greater than 50 µm surrounded by clusters
of particles <10 µm as well as nano-sized particles that can only be found on high powered
microscopes. In the New Mexico power plant, coal is combusted in the boiler at 1760°C and much
1

of the material is gasified. The residual material falls to the bottom of the boiler and is called
bottom ash. The gasified material flows out of the top of the boiler into an economizer unit and
filter fabric baghouses. The temperature drops to 440°C in the economizer unit and 104°C in the
baghouses. After the baghouses filter larger particles from the gas, it enters a cyclone separator
processing facility where the ash is separated further into fine and coarse fly ash product (FAP).
The remaining gas passes into a scrubber where sulfur is removed and the cleaned gas is released
out the stack (Affolter et al., 2011). In the Ohio power plant, the feed coal is burned in the boiler
as well at 1500°C. Gasified material flows out into an economizer unit (at 440°C) where
economizer fly ash (EFA) is collected and the residual heat is used to heat water in the boiler. The
gasified material flows into an electrostatic precipitator (at 163°C) where large electrodes collect
positively charged particles called fly ash (FA) (Affolter et al., 2011). These smallest fraction
products are fly ashes and are primarily spherical in shape, but can also exhibit angular or broken
morphologies. The finest particles also contain the highest concentration of trace elements
(Affolter et al., 2011), likely due to the higher surface area to volume ratio as particles get smaller
and smaller. This characteristic is why focus was given on the smallest fraction of the smallest
particles with attempt to isolate nano-sized particles to characterize their behaviors.
Environmentally relevant microorganisms have been found to affect the mobility of trace
metals in fly ash by sequestration and immobilization or by improving solubility enhancing release
(Awasthi, et al., 2015; Tiwari et al., 2008). For example, Awasthi et al. (2015), found that
Pseudomonas aeruginosa are particularly tolerant of heavy metals such as chromium, copper, iron,
and zinc found in industrial waste discharges and measured variable uptake in metals from
solution. Iron and zinc were found to be well uptaken and absorbed into the cell because they are
essential micronutrients. Copper was better absorbed when a higher concentration was present in
2

the solution unlike chromium, which was only absorbed to a certain toxicity limit (nearly 45%)
and decreased afterwards (Awasthi et al., 2015). Tiwari et al. (2008), evaluated metal mobility of
fly ash induced by ubiquitous bacterial strains isolated from cattail plants. Most strains increased
the mobility of manganese, iron, and zinc, and sequestered cadmium and copper. Therefore,
understanding the interaction of ubiquitous bacterial strains such as Pseudomonas aeruginosa with
fly ashes, especially their effects on the metals associated with the finest fractions, is critical to
illuminate the environmental fate and impacts of CCPs. To fully understand the compositions and
behavior of trace elements in fly ash, geochemical and electron-microscopy techniques were
combined with microbiological experiments to illustrate 1) the distribution patterns of the trace
elements in (sub) micron particles, 2) the effect of abiotic environmental conditions on the release
of these trace elements to aqueous phase, and 3) the effect of bacterial growth on the release of
these trace metals.
1.2. Pseudomonas aeruginosa – CCP INTERACTIONS
Pseudomonas aeruginosa is an aerobic, biofilm-producing bacterial strain ubiquitous in nature
that thrive in soil, water, and related environments. Pseudomonas aeruginosa has been used for
bioremediation of metal contaminated sites (Awasthi et al., 2015) due to its tolerance of heavy
metals, minimal energy input, and a lack of harmful byproducts. It was found that iron and zinc
were taken up by the cell biomass as essential micro nutrients, resulting in preferential mobilization
of metals from the contaminants. Pseudomonas aeruginosa has been shown to have successful
applications in bioremediation, where their indigenous presence in the environment and resistant
nature allows for degradation of organic contaminants and removal of heavy metals (Awasthi, et
al., 2015; Bakiyaraj, et al., 2014; Kermani, et al., 2010, and Meliani, and Bensoltane, 2016). In
particular, Pseudomonas aeruginosa was shown to be effective in bioremediation of heavy metals
3

including cadmium, chromium, copper, and nickel with results of almost 50% removal of the
metals in industrial effluents (Awasthi, et al., 2015). Tiwari et al. (2008) examined changes in
metal extractability from microbes (strains of Pseudomonas aeruginosa, Bacillus subtilis, and
others isolated from cattail reeds) in the presence of fly ash dumps. Bioleaching of aluminum, iron,
and zinc from fly ash was observed to be accelerated by the microbes found in contaminated soils.
In addition, most bacterial strains enhanced iron, nickel, and zinc mobility from fly ash, but
extractability varied between bacterial strains as well as incubation periods. By comparison,
cadmium, chromium, copper, and lead were found to be immobilized by almost all strains of
bacteria (Tiwari et al., 2008).
1.3. OBJECTIVES
The objectives for this study are:
1) To physically and chemically characterize various fine coal combustion products from two
power plants in Ohio and New Mexico via electron microprobe, scanning electron microscopy,
and transmission electron microscopy. The finest fraction of CCP particles (<2 µm) was isolated
then characterized for trace metal concentrations and distributions using Electron-microprobe
analysis (EMP), scanning electron microscopy (SEM), and transmission electron microscopy
(TEM).
2) To use Pseudomonas aeruginosa to assess whether metals in the <150 µm fraction of CCPs
become mobile and enter the solution or become bioavailable and concentrate in the biofilms
produced by the bacteria when in the presence of aerobic bacteria.

4

2. METHODOLOGY
2.1. SAMPLES
Samples in this study are made available through collaboration with the U.S. Geological
Survey (USGS) as part of a larger study on the geochemistry of coal and coal combustion products
(Affolter et al., 2011; Jones et al, 2012; Swanson et al., 2012) and were collected from different
stages in the combustion process from two coal-fired power plants: 1) an Ohio plant burning a
higher sulfur content Appalachian Basin bituminous coal from the Upper Pennsylvanian
Monongahela Formation; and 2) a New Mexico plant burning bituminous low-sulfur content San
Juan Basin bituminous coal from the Cretaceous Fruitland Formation. Both power plants have
slightly different designs for the coal combustion and ash collection processes designed to optimize
the transportation and cleaning of flue gas post-boiler combustion. The New Mexico power plant
uses two baghouses to remove the fine fraction of CCPs from flue gas using fabric filter bags,
which

collect

particles

on

the
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fabric

surface

(Figure

1).

Figure 1: New Mexico power plant design (from Affolter, et al., 2011).

Downstream flue gas is combined post-baghouses and is separated inside a cyclone-separator,
which divides the samples into coarse (FAC) and fine (FAP) fractions of fly ash. The New Mexico
plant also has an economizer unit located between the boiler and baghouses, which utilizes waste
heat leaving the boiler to heat water entering the boiler resulting in downstream flue gas
temperature decrease.
The Ohio power plant uses electrostatic precipitators (ESPs) to separate the fine fraction of
CCPs from flue gas, which emit electrostatic charges to collect particles and separate them from
the gas phase. The Ohio plant also has an economizer unit between the boiler and ESPs to capture
condensed fly ashes (EFA) (Figure 2).

Figure 2: Ohio power plant design (from Affolter, et al., 2011).
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This subset of samples from the larger USGS study includes BA, FAC, FAN, FAP from the
second sampling set (2NM) from New Mexico site: BA is bottom ash collected from the boiler,
FAN is a mixture of fly ash and economizer fly ash, and FAP and FAC are the fine and course
fractions, respectively, of the fly ash post physical separation via cyclone separators; and BA, EFA,
and FA from the third sampling set (3OH) from Ohio site coal combustion products (CCPs): BA
is bottom ash collected from the boiler, EFA is economizer fly ash and FA is fly ash separated via
electrostatic precipitator.
2.2. ANALYTICAL METHODS
2.2.1. ELECTRON MICROSCOPY
Electron microprobe analysis (EMPA), also called electron probe microanalysis, is an
analytical technique that is used to characterize the elemental composition of small areas on solid
specimens. This analytical technique has a high spatial resolution and sensitivity for elements of
interest. Three different electron microscope instruments were utilized in this investigation.
Electron-microprobe analysis to obtain major geochemical composition and distribution was
carried out with a Cameca SX-50 electron microprobe with three spectrometers (TAP/PET/LiF),
using wavelength-dispersive X-ray spectrometry at the University of Texas at El Paso. The CCP
samples were examined by back-scattered electron imaging to define points of interest for analysis.
Analyses of CCPs were made at 15 kV accelerating voltage, 20 nA probe current, using a 2 μm
spot size. Analyses were conducted on the fine sieved (<150 µm) of the following raw powder
samples: 2NMBA and 2NMFAP (2nd sampling set of bottom ash (BA) and finest fly ash product
(FAP)) from the New Mexico site and 3OHEFA and 3OHFA (3rd sampling set of economizer fly
ash (EFA) and fly ash (FA)) from the Ohio site. The elemental distribution in these CCPs particles
provides further information about the specific composition of each glass and where the
7

investigated metals (i.e. lead, zinc) are deposited. This approach was used as lead and zinc are
expected to behave similarly to other potentially toxic metals in CCPs (Xu et al., 2004; Clarke and
Sloss, 1992).
Two scanning electron microscopes (SEMs) were used in this study at the Nanoscale
Characterization and Fabrication Laboratory at Virginia Tech: an FEI Quanta 600 FEG
Environmental SEM (ESEM) and an FEI Helios 600 Focused Ion Beam SEM. The Quanta ESEM
is operated at 20 kV and was used for spot analyses of particles of interest using the electron
backscatter detector. The ESEM is operated at high chamber vacuum of 6x10 -4 Pa and has a
resolution of ~2.5 nm at 20 kV. The Quanta ESEM is equipped with a Bruker QUANTAX 400
Energy Dispersive X-ray Spectrometer for chemical element detection. FEI Helios 600 is a
combined high-resolution SEM and a focused ion beam capable of mapping at nanometer size
scale. The Helios SEM also is equipped with an integrated Energy Dispersive Spectrometer for
chemical analyses. This SEM operates at ultra-high chamber vacuum levels at 10 -10 mbar. Samples
were iridium coated for charge stability and analyzed at 15 kV with resolution of 0.9 nm. Element
mapping was completed at a resolution of 512x442 with a dwell time of 6 µs/pixel.
Transmission Electron Microscopy (TEM) analyses were conducted at the Nanoscale
Characterization and Fabrication Laboratory at Virginia Tech. A state-of-the-art field thermionic
emission JEOL 2100 TEM was used. This TEM is equipped with a silicon drift detector-based
Energy Dispersive Spectrometer system that allows for high-throughput chemical mapping of
samples. Coal ash samples were mounted in resin and microtomed to <100 nm thick. Samples
were analyzed at 200,000 kV.
2.2.2. MICROBIAL BIOAVAILABILITY
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In order to quantify bacterial-media induced increase/decrease of metals in solution by
Pseudomonas aeruginosa in a controlled environment, a series of experiments were developed
where the microbes were observed concurrently and sampled over a two-week period with a 100
mg loading of coal fly ash from the Ohio power plant, which was selected due to higher overall
trace metal concentrations, and were analyzed for trace element concentrations by ICP MS at
UTEP.
Pseudomonas aeruginosa PA01 cells were recovered from a frozen stock in nutrient rich LB
broth. Specifically, 0.5 mL of the frozen culture was inoculated into 50 mL of LB broth (1%
inoculation) in a 250 mL Erlenmeyer flask and maintained in a shaking incubator at 30°C for 24
hours. After the 24-hour period, the solution in the flask became noticeably turbid and showed a
slight greenish-yellow color. 1 mL of the recovered cell culture solution was used to inoculate 50
mL of fresh M9 medium, maintained at 30°C in the shaking incubator afterwards. The M9 nutrient
medium was modified from Schleheck et al. (2009) and was prepared as follows: 10 mM NH 4Cl,
0.25 mM MgSO4, 16.8 mL of 1M monobasic K2HPO4, 34.2 mL of 1M dibasic K2HPO4 and 10
mM Dextrose, in 1L of Millipore water. Monobasic and dibasic K 2HPO4 keep the solution pH
buffered (pH = 7.2). The salts were dissolved in solution and autoclaved at 120°C for 90 minutes
for sterilization. The 10 mM dextrose solution was filter sterilized using 0.2 µm filter and added
post autoclaving to the solution under a flame to prevent caramelization of dextrose. During the
48 hours following inoculation, a growth curve was constructed by sampling frequently and an
Ultraviolet visibility instrument gave a measured value of absorbance.
To measure growth of biomass in samples with and without exposure to fly ash, the biomasses
were analyzed for loss on ignition. Each sample was weighed on a foil tray and dried in an oven
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at 100°C and weighed again for water loss. Samples were then burned in a furnace at 600°C for 2
hours and weighed again.
Eight samples were running concurrently in this experiment (Figure 3), four of which were
controls. The four controls of this experiment are as follows: MC-1: 150 mL M9 nutrient medium,
MC-2: 150 mL M9 nutrient medium with 100 mg loading of bulk coal ash from 3OHFA, MC-3:
150 mL M9 nutrient medium with 100 mg loading of fine sieved coal fly ash from 3OHFA, and
MC-4: 150 mL M9 nutrient medium with a 1% inoculation of P. aeruginosa PA01. The four
samples are as follows: MC-5: 150 mL M9 medium with a 1% inoculation of P. aeruginosa PA01
and 100 mg bulk coal ash from 3OHFA, MC-6: 150 mL M9 medium with a 1% inoculation of P.
aeruginosa PA01 and 100 mg fine sieved coal ash (<150 μm) from 3OHFA, MC-7: 150 mL M9
medium with a 1% inoculation of P. aeruginosa PA01 and 100 mg bulk coal ash from 3OHFA
(duplicate of #5), and MC-8: 150 mL M9 medium with a 1% inoculation of P. aeruginosa PA01
and 100 mg fine sieved (<150 μm) coal ash from 3OHFA (duplicate of #6). Coal ash was sieved
using 100 mesh sieves resulting in a maximum particle size of 150 µm with no absolute lower
cutoff, but ranges from nano-sized particles found in microscopy analyses to the upper limit.

10

Figure 3: Schematic of samples for microbial experiment.

Solutions were sampled on a regular basis over a 14-day period. 1 mL of solution (biomass was
avoided as much as possible during sampling) was pipetted under a flame to provide a sterile
environment to limit exposure to other environmental factors. Sampled solutions were centrifuged
at 13,000 rpm for 5 minutes to separate any residual coal ash particulate and were stored at 4°C.
A total of 100 samples were transferred to 15 mL centrifuge tubes with 0.5 mL sample and 10 mL
2% HNO3 for a 20 to 1 dilution. Samples were then measured for trace elements via Thermo iCAP
RQ ICP-MS (Inductively Coupled Plasma – Mass Spectrometer) at UTEP (Table 1). Samples were
bracketed with full system flushes every ~20-25 samples and were flushed with 2N HNO3 between
samples to prevent contamination. Internal standard USGS T217 was used for precision
11

measurement of trace elements. Resulting concentrations are reported in µg/L. The eight solutions
from the P. aeruginosa leaching experiments (Figure 3) were analyzed via ICP-MS and of those
38 elements analyzed, aluminum, iron, arsenic, vanadium, chromium, and manganese were
selected as some elements of interest with regards to microbial influence. The 1 mL solution
removed during sampling was not accounted for in concentrations. The total amount removed was
a maximum of 14 mL in 150 mL of solution, but that volume was gradually removed over a two
week period. It is possible this removal of solution impacted the concentration by a maximum of
9.3%, which is within our acceptable range of error.
Table 1: List of 38 elements and their measured isotopes via ICP-MS at University of Texas at El Paso
for the microbial experiment.

12

Isotopic
Element
Mass
Beryllium
Boron
Aluminum
Vanadium
Chromium
Manganese
Iron
Cobalt
Nickel
Copper
Zinc
Gallium
Arsenic
Selenium
Rubidium
Strontium
Silver
Cadmium
Indium
Cesium
Barium
Lanthanum
Cerium
Praseodymium
Neodymium
Samarium
Europium
Gadolinium
Dysprosium
Holmium
Erbium
Thulium
Ytterbium
Lutetium
Thallium
Lead
Thorium
Uranium
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9
11
27
51
52
55
57
59
60
63
66
71
75
78
85
88
107
111
115
133
137
139
140
141
146
147
153
157
163
165
166
169
172
175
205
208
232
238

3. RESULTS
3.1. FLY ASH CHARACTERIZATION
Electron microprobe analysis, SEM, and TEM analysis was conducted on the CCP samples to
understand particle morphology and elemental distribution. Generally, the primary constituents of
the CCPs samples are aluminosilicate and iron oxide phases (Figures 4, 5, 6, and 7) with most
other components (e.g. barium, calcium, phosphorus, lead, titanium, and zinc) found as trace
occurrences.

Figure 4: EMP micrograph of sample 3OHFA disk.

Fly ash particles from the Ohio power plant are often spherical or near-spherical, many below
30 µm. Similar to other fly ashes and CCPs, the composition is dominantly aluminosilicates and
iron oxides. In figure 4, several independent spherical particles can be observed to the left and
14

right of the central particle. Bright colored particles are iron oxides and the less bright gray
particles are aluminosilicates. The spot size of the EMP was 2 µm, which creates the possibility of
overlap in spatially distinct phases depending where the beam is targeted. This image of the sample
typifies cross sectioned particles that were exposed during sample preparation. The particles
reveal chemically distinct core and rim features. The darker gray core of this particle is primarily
silicon and aluminum, with lesser iron at this spot (Figures 5, 6, 7). The lighter gray components
in the rim, contain an ever higher abundance of iron (see Figure 5). There are also significantly
brighter components on the outskirts of the particle and appear white in the image and these are
entirely composed of iron oxide. This image also exhibits both lobe-like spherical fly ash particles
in the background.

15

Figure 5: 3OHFA spot analysis of core and rim particle measured with LiF spectrometer crystal. Black line
shows the rim structure and red line is the core of the particle. Kα peak at 0.43627 for iron.

Figure 6: 3OHFA spot analysis of core and particle measured with PET spectrometer crystal. Black line
represents the rim structure and red line is the core of the particle. Silicon is abundant with calcium and
potassium also present. Kα peaks for calcium, potassium, and silicon at 0.35316, 0.39479, and 0.77188,
respectively.
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Figure 7: 3OHFA spot analysis of core and particle measured with TAP crystal. Black line represents the
rim structure and red line is the core of the particle. Silicon is abundant with aluminum. Kα peaks for silicon
and aluminum at 0.26288 and 0.30986, respectively.

Economizer fly ash particles, collected at the Ohio power plant, are another type of CCP and
vary from fly ash samples consisting of both jagged, irregular particles and spherical. Below is a
typical micrograph (Figure 8) of economizer fly ashes (EFA) and the irregular morphology found
in these particles, unlike the typical spherical particles found in fly ash. In the Ohio power plant
system, the economizer fly ash is collected from the economizer unit, where vaporized coal gases
experience a rapid decrease in temperature from ~1500°C in the boiler down to 440°C in the
economizer. Sudden temperature changes can induce brittle fractures and may result in angular
particles. Due to the irregular sizes and shapes of economizer fly ash, more focus was given to fly
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ash samples because they are more likely to be chemically reactive due to their high volume-tosurface-area ratio and smaller particle sizes.
Figure 8: Backscatter EMP micrograph of sample 3OHEFA at 20kV and 100 nA.
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In addition to electron microprobe analysis, scanning electron microscope analysis conducted
at Virginia Tech’s Nanoscale Characterization and Fabrication Laboratory (NCFL) provided
visuals of the morphology and elemental spot analyses of coal fly ash particles and CCPs in
samples 3OHFA, 3OHEFA, and 2NM FAP. Specifically, fly ash particles (sieved smaller than 150
µm) were predominantly spherical and consist of both individual particles and frequently in
aggregates often containing nano-sized particles (Figure 9). The wavy lines on the particles and in
between are from an iridium coating, which was applied via sputter coater for charge stability
inside the SEM to reduce interference. The image in Figure 9 is a secondary electron image, and
the colors are a function of topography on the slide (brighter colors are closer to the detector
compared to darker colors). In this typical SEM image of fly ash, small coating-like particles or
features were observed on larger fly ash spheres.
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Figure 9: Ohio power plant fly ash sample 3OHFAsieved with 100 mesh. Imaged on FEI Quanta SEM and
Virginia Tech’s NCFL lab. Image is a secondary electron image so lighter colors are a function of
topography on the slide.

Fly ash samples from the New Mexico power plant (2NM FAP) below were often similar in
form to those collected from the Ohio power plant. Particles in this sample were sieved with 100
mesh. Most particles were spherical and were less than 5 µm in diameter including many nanosized. Although the scale is not the same as the 3 µm Ohio fly ash sample, there are less obvious
clusters sitting on the surface of the New Mexico fly ashes. Instead, the spherical ashes appear to
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stay clustered together under varying degrees of consolidation. In some cases the particles
scattered across the screen when the SEM electron beam was turned on indicating a weakly
consolidated aggregate that may be entirely connected through surface charges. The dark gray
background matrix of the image is the carbon tape particles were imprinted on in the instrument
(Figure 10).

Figure 10: SEM image of sample 2NM FAP taken on an FEI Helios 600 Focused Ion Beam SEM at
Virginia Tech’s NCFL.
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Through the various electron microscopic techniques, very few differences in chemical
composition were identified between economizer fly ashes and fly ashes, from the Ohio sample
set, at small scale. In almost all cases, elemental spot analysis and chemical mapping resulted in
identification of aluminosilicates and iron oxides. The one technique to find exception to this trend
was TEM where other elements were found at a significantly finer scale with higher detail and
precision. This may be attributed to how the technique works, as the samples are microtomed to
about 100 nanometers thick with the goal of achieving cross-sectioned particles to analyze
successfully as below (Figure 11).

Figure 11: 3OHEFA TEM Map – iron, zinc, calcium (RGB) Ohio power plant economizer fly ash that was
imbedded in epoxy and microtomed to sections <100 nm. Image is a TEM map depicting iron (red), zinc
(green), and calcium (blue). A spherical particle is present with both iron and zinc in the center of the
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particle, but with a distinct iron oxide rim. Growths rich in zinc and iron particle as well as a calcium and
phosphorus (not shown in this map) are also present.

Figure 12: This TEM map is the same particle from 3OHEFA (Figure 11), but instead oxygen, silicon, and
aluminum (RGB) are mapped.

TEM analyses revealed nano-scale core and rim structures, one example shown in Figure 11,
on an economizer fly ash particle where metals like iron are prone to forming an oxide coating or
ring surrounding the particle, while zinc is more common in the core of a particle in combination
with iron, silicon, and oxygen (Figure 12). Also, calcium and phosphorus were found to be a
growth on one part of a particle shown in blue, which may indicate that metals attach to these
coatings and deposit later in the cooling cycle within a power plant.
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Figure 13: (Left) This TEM map is of another particle in sample 3OHEFA showing iron, silicon, and
aluminum (RGB). (Right) TEM map of 3OHEFA showing iron and aluminum (RG) rods.

Further TEM analysis resulted in unexpectedly finding these unique shaped particles in sample
3OHEFA, an economizer fly ash, shows a typical near spherical silicate matrix comprising the
majority of the particle, but also there are imbedded rod-shaped components that are transition
from iron to aluminum oxides (or vice versa). In some cases they are evenly separated between
the two metal oxides, but many are uneven mixtures.
On fly ash sample 3OHFA, TEM analysis discovered nano-scale composite particles with
aggregate texture (Figures 14 and 15). Elemental mapping using determined that these composite
particles contain both aluminosilicate and iron oxide components (Figure 16). The translucent,
amorphous material surrounding the fly ash particles is made up of the resin used to embed the
particles during microtoming and sample measurement.
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Figure 14: 3OHFA TEM Image. Ohio power plant fly ash that was sieved with 100 mesh. Imaged on JEOL
2100 TEM at Virginia Tech’s NCFL lab.
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Figure 15: TEM image of sample 3OHFA with particle ~ 500 nm wide containing smaller opaque particles
incorporated into the matrix.
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Figure 16: 3OHFA TEM Map – O, Al, Fe (RGB). Ohio power plant fly ash that was imbedded in epoxy
and microtomed to sections <100 nm. Image is a Transmission Electron Microscope map depicting oxygen
(red), aluminum (green), and iron (blue). Brighter spots are of higher concentration of these elements.
Compound particles with aggregates of aluminum oxides (usually aluminosilicates) and iron oxides are
commonly found in coal fly ashes.

The majority of the matrix making up the aggregate particles are aluminosilicates, which
include the opaque iron oxide spheres in the TEM image. These aggregate particles are less
common than other spherical fly ash particles, but are consistently found in samples. Under
electron beam energy, these particles do not disintegrate and appear to be solidified material.
Typical CCPs analyzed in this study exhibit metal oxides residing in coatings on the surface
of particles as well as loose fragments. The small particle size and often spherical nature gives
these materials a high surface area to volume ratio making them active in chemical reactions when
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exposed to environmental conditions. The results in the following section explore this potential in
the experiment using Pseudomonas aeruginosa.
3.2. RELEASE OF TRACE ELEMENTS FROM FLY ASH IN THE ABSENCE VS.
PRESENCE OF Pseudomonas aeruginosa CELLS
Before starting the exposure experiments, the growth curve of the microbes were measured in
a nutrient rich solution without any other inputs. The optical density growth curve for P.
aeruginosa strain PA01 represented by absorbance at 600 nm (Figure 18), which is positively
correlated with microbial growth and activity, exhibited a rapid, exponential-like growth over the
first 20-24 hours followed by a slight leveling period until about 25 hours and followed by a slow
decline until sampling ended at around 70 hours. Pseudomonas aeruginosa forms biofilms
extensively during growth, and the time profile of OD600 only reflects the trend of the suspended
cells in the culture medium.
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Figure 17: Optical density (600 nm) curve measured on a Thermo Ultraviolet-Visible
Spectrophotometer.
Growth rates and biomass in the presence versus absence of CCPs were also monitored
throughout the experiments by sequentially removing samples from incubation and analyzing them
for loss on ignition (assumed to correspond with biomass mass; Figure 19). The black curve shows
results from an experiment containing fly ash in the solution with the P. aeruginosa and the M9
nutrient medium and the red curve was a control only containing the P. aeruginosa and the M9
nutrient medium. Sampling was initiated 3 days after the experiment began to allow the bacterial
cells approach stable growth phase (based on results in Figure 17). For this specific experiment to
measure the mass of the biomass, the same solid-to-liquid ratio as described in section 2.2.2 was
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preserved, but instead used 30 mL of the M9 medium and 20 mg of fly ash from sample 3OHFA.
At the initiation of sampling (i.e., after 3 days) the experiment run with the fly ash had a biomass
mass of 2.8 mg, which increased up to 4.3 mg after 9 days followed by a decline to 2.4 mg by the
end of the run. In comparison, the experiment which excluded the fly ash contained significantly
less biomass throughout the entire run and the peak value occurred several days later than the other
sample (day 14). These results show that the presence of fly ash in these samples significantly
enhances the total biomass as well as the bacterial cell growth rate.

Figure 18: Growth curve of P. aeruginosa biomass during 18 day experiment. Values were
determined via loss on ignition and are in milligrams.
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Aluminum and iron concentration (Figures 19 and 20, respectively) in the leaching solutions
followed the general trend of lowest to highest concentration of MC1 = MC4 < MC5 to MC8 <
MC2 = MC 3. Experiments MC1 (M9 nutrient medium only) and MC4 (M9 nutrient medium with
a 1% inoculation of P. aeruginosa) contain no fly ash and thus, represent background aluminum
and iron contribution from the experiment equipment and solutions. It should be noted that the 250
mL Erlenmeyer flasks were capped with aluminum foil for the duration of the experiment and it
is a possible contribution of ~200-400 µg/L of aluminum to all samples. The highest concentration
of MC2 (bulk) and MC3 (<150 µm) correspond to M9 nutrient medium containing 100 mg loading
of coal fly ash from sample 3OHFA. These two curves represent the water-soluble concentration
of the heavy metals in this coal fly ash sample. The slightly concentrations in samples MC5 to
MC8, all of which contained variations of M9 nutrient solution, a 1% inoculation of P. aeruginosa,
and 100 mg of bulk or <150 µm fractions of fly ash 3OHFA, indicate that the microbes were in
some way inhibiting the release of Fe and Al into solution.
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Figure 19: Aluminum concentration scatter plot of the sampled solution from the Pseudomonas
aeruginosa experiment. Concentrations are in micrograms per liter (µg/L) of elements measured
from the surrounding solution. Lines MC2 and MC3 are the water-soluble concentrations of coal
ash. Lines MC1 and MC4 are baseline controls. Lines MC5-8 are samples with microbes and
coal fly ash.
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Figure 20: Iron concentration scatter plot of the sampled solution from the Pseudomonas
aeruginosa experiment. Concentrations are in micrograms per liter (µg/L) of elements measured
from the surrounding solution. Lines MC2 and MC3 are the water-soluble concentrations of coal
ash. Lines MC1 and MC4 are baseline controls. Lines MC5-8 are samples with microbes and
coal fly ash.

Data for manganese concentrations in the microbial leaching experiments (Figure 21), follow a
similar trend to aluminum and iron, but the concentrations for MC2 and MC3, which do not contain
inoculations of P. aeruginosa, are about twice those for samples MC 5 to MC 8 in the later stages
of the experiment. This ratio is less than that of the corresponding data for iron and aluminum,
indicating microbe-related reactions to reduce manganese availability and are as strong as those
for iron and aluminum. One should also note that the concentration of manganese is significantly
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less abundant at 202 mg/L compared to the 9.8 wt% aluminum and 18.6 wt% iron and may be a
contributing factor to the amount of this metal removed and/or used by the microbes.

Figure 21: Manganese concentration scatter plot of the sampled solution from the Pseudomonas
aeruginosa experiment. Concentrations are in micrograms per liter (µg/L) of elements measured
from the surrounding solution. Lines MC2 and MC3 are the water-soluble concentrations of coal
ash. Lines MC1 and MC4 are baseline controls. Lines MC5-8 are samples with microbes and
coal fly ash.

For chromium and vanadium (Figure 22 and 23, respectively), the difference between samples
MC2 and MC3 and samples MC5 to MC8 are smaller than aluminum, iron, or manganese at 27.8%
difference for chromium and 46.6% difference for vanadium. These elements still follow a similar
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trend to the previous examples with the exception of an anomalously high concentration on day 8
for chromium in curves MC1 and MC6.

Figure 22: Chromium concentration scatter plot of the sampled solution from the Pseudomonas
aeruginosa experiment. Concentrations are in micrograms per liter (µg/L) of elements measured
from the surrounding solution. Lines MC2 and MC3 are the water-soluble concentrations of coal
ash. Lines MC1 and MC4 are baseline controls. Lines MC5-8 are samples with microbes and
coal fly ash.
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Figure 23: Vanadium concentration scatter plot of the sampled solution from the Pseudomonas
aeruginosa experiment. Concentrations are in micrograms per liter (µg/L) of elements measured
from the surrounding solution. Lines MC2 and MC3 are the water-soluble concentrations of coal
ash. Lines MC1 and MC4 are baseline controls. Lines MC5-8 are samples with microbes and
coal fly ash.

Lastly, data for arsenic follow a different trend. There is only a 14.7% difference in arsenic in
on day 14 from MC2 to MC5. The bulk coal fly ash samples have 64 mg/L and a maximum of 72
µg/L measured in the leached samples MC2 and MC3. The values for MC 5 to MC 8 remained
close to the values for MC2 and MC3 indicating that the majority of the arsenic released by coal
ash was left in the solution. Notably, comparison of samples MC5 to MC8, shows that those
containing bulk coal fly ash those with were both the least (MC7) and most (MC5) As removed.
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The samples containing fine sieved coal fly ash curves (MC6 and MC8) exhibit remarkably similar
As concentrations, which may indicate arsenic may have a relationship with their particle size.

Figure 24: Arsenic concentration scatter plot of the sampled solution from the Pseudomonas
aeruginosa experiment. Concentrations are in micrograms per liter (µg/L) of elements measured
from the surrounding solution. Lines MC2 and MC3 are the water-soluble concentrations of coal
ash. Lines MC1 and MC4 are baseline controls. Lines MC5-8 are samples with microbes and
coal fly ash.
Comparison of the relative difference in concentration data for samples from containing M9
nutrient medium and fly ash (M2 and M3) versus those with M9 nutrient medium, fly ash, and a
1% inoculation of P. aeruginosa PA01 shows important differences (Table 2). Results show an
order of Fe > Al > Mn > V > Cr > As in terms of average relative difference between the two
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samples sets suggesting a preference for the affinity with which P. aeruginosa impacts solubility
or that concentrations were too high or low to be effectively controlled by the microbe. In
particular, P. aeruginosa may have an exceptionally high affinity for aluminum and iron oxides,
but this could be an artifact due to aluminum and iron being the primary constituents by weight of
the CCP samples. For the most part, P. aeruginosa showed surprisingly consistent interaction with
elements among the duplicates shown in tightly grouped lines MC5-8, primarily a function of
particle size suggesting (barring a possible case for As, as described above) that particle size had
a minimal impact on the mass released and interactions with the microbe.
Table 2. List of elements and their maximum leached concentrations from samples MC2 or MC3,
maximum concentrations from microbe containing samples (MC5 to MC8) and the percent
difference. All samples used coal fly ash sample 3OHFA.

Element

Max Leached Concentration
(MC2 or MC3)

Max Concentration with
Microbes (MC5 to MC8)

% Difference

Al

3,905 µg/L

915.3 µg/L

76.6

Fe

3240 µg/L

515 µg/L

84.1

Cr

31.3 µg/L

22.6 µg/L

27.8

Mn

46.7 µg/L

20.8 µg/L

55.5

V

67.8 µg/L

36.2 µg/L

46.6

As

72 µg/L

61.4 µg/L

14.7
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A simple calculation from these data can be used to roughly approximate releases to the
environment. Sample 3OHFA from the Ohio power plant contains 64 mg/L of As compared to 72
µg/L of the sample leached in 150 mL of solution... Thus nearly 17% of the As was release from
the fly ash particles (Table 3).
Table 3. List of elements and bulk concentration from fly ash sample 3OHFA, maximum leached
concentration from sample MC2 or MC3, and percent released from fly ash particles.

Element

Bulk Concentration

Leached Concentration

% Released
From FA
Particles

Al

98,000 mg/kg

3,905 µg/L

0.6%

Fe

187,600 mg/kg

3,240 µg/L

0.3%

Cr

124 mg/kg

31 µg/L

3.7%

Mn

202 mg/kg

47 µg/L

3.5%

V

216 mg/kg

67 µg/L

4.6%

As

64 mg/kg

72 µg/L

16.9%

In the most abundant elements, aluminum and iron, we see the smallest amount of release from
the fly ash particles themselves in samples MC2 and MC3 (Table 3), but the highest concentration
in solution and largest difference between samples with and without microbes (Table 2). Roughly
3.5% to 4.6% of the mass of manganese, chromium, and vanadium were released from fly ash
sample 3OHFA and all three had a similar bulk content (202, 124, and 216 mg/L), respectively
indicating these elements may respond similarly in their dissolution in the nutrient medium and
interaction with the microbes. These metal concentrations are not reduced from the solution as
significantly as iron and aluminum with only a concentration reduction ranging 27.8 to 55.5%.
Arsenic had the highest overall release rate at 16.9%, but only had an initial concentration of 64
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mg/L in the fly ash particles as well as the lowest overall concentration reduction from the solution
with microbes present 14.7%.
4. DISCUSSION
4.1. FLY ASH MORPHOLOGY AND COMPOSITION
Examination of spatial trace elemental patterns in the CCP samples at the submicron scale
provided little information. This is most likely because the trace elements were masked by the
major constituents: silicon, aluminum, oxygen, and iron. However, in one sample of 3OHEFA,
which was microtomed slightly thicker (~120 nm) for added resin stability under the electron
beam, the trace elements were detected with higher frequency likely due to a greater mass available
for detection. Results show that oxides, especially those of iron, are preferentially distributed
around the outside rim of particles, likely in coatings, while the particle cores are primarily of
aluminosilicate composition. Alternatively, other particles are dominated by iron oxide. Zinc was
observed within the core of some primarily iron-rich particles, although the cause for this particle
formation is not well understood. The zinc in this sample appears to be well homogenized and
found in combination with both iron and aluminum (Figures 11 and 12).
Particles with imbedded rods were unusual and only consistently found in sample 3OHEFA
(Figure 13). The formation of the rods in these particles may be result of rapid cooling postcombustion causing a quenching effect and locking the polar metals in place. The matrix of these
particles surrounding the rods were predominantly aluminosilicates so the elemental composition
of the ash particles were not unique, but rather the distribution and morphology within them.
Additionally, aggregate particles were also frequently observed (see Figure 14), which were
complex spheres of smaller oxides (usually iron and aluminum, but others occasionally) and
silicates bound together. Individual particles or aggregates that were not of iron oxides or
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aluminosilicates composition, although rare, included titanium oxides, barium sulfates, nickel and
chromium oxides (most likely residual stainless-steel boiler material).
Coal fly ash particles may appear to be consistent when examining bulk characteristics and
compositions, but overall these samples are far more complex than originally thought.
Compositionally, particles can have trace elements on coatings of particles, which was our
expectation due to condensation from the vapor phase. Particles can also have trace elements as
major components of a structural core of fly ashes. Morphology of particles can also be variable.
Aggregate particles may react differently than spherical or angular particles. These differences in
compositional distribution and morphology are likely to have an impact on trace element release.
4.2 MICROBIAL – FLY ASH INTERACTIONS
The microbial experiment using Pseudomonas aeruginosa was designed to give insight into
the interaction of common aerobic bacteria found in water, soil, plants, and animals under
contained laboratory conditions to limit any external influences to the system. The experiment
allowed for observation of microbial behavior in direct contact with coal fly ash in a nutrient rich
environment, thus preventing limitations on growth and activity. The cells were kept at 30°C in a
shaking incubator to ensure optimal growth conditions for the cells and effective circulation of
elements in the solution. Pseudomonas aeruginosa PAO1 is a resilient bacterium and has been
used in previous studies to assist in bioremediation of toxic metals (Awasthi, et al., 2015; Tiwari
et al., 2008), so it was expected that the bacterial cells would interact with the metals in coal fly
ash, but the degree to which and what elements in particular they would prefer to
mobilize/sequester was unknown and to the best of my knowledge, had not been previously
studied.
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The coal fly ash samples were combusted in a power plant at over 1700°C and have not been
exposed to reducing conditions post sampling by the USGS or UTEP. Therefore, we assume that
all metals found are in their highest stable oxidation states.
The presence of fly ash significantly enhanced the growth of Pseudomonas aeruginosa cells,
as shown in the microbiological experiments. Specifically, the biomass of samples with a loading
of coal fly ash was significantly larger than that of samples with only M9 nutrient medium (Figure
18). This was confirmed quantitatively by isolating and measuring the biomass in the samples
using loss on ignition. The peak biomass with exposure to coal fly ash was fourteen (14) times
larger than the peak biomass only exposed to M9 nutrient medium. This improved growth may be
attributed to several components. First, coal fly ash can contribute a substantial supply of
micronutrients (e.g. iron, manganese, zinc). Other macro and micronutrients (e.g. chlorine,
potassium, and magnesium) are already in the M9 nutrient medium solution. Second, the surfaces
rendered by the added fly ash may enhance the cell attachment and cell-cell interactions of
Pseudomonas aeruginosa. It is well known that Pseudomonas aeruginosa forms biofilms and the
growth of the bacterium depends on the quorum sensing (a.k.a., cell-cell communication for
optimized growth) (O’Toole et al., 2000). Previous studies also show that the cells of Pseudomonas
aeruginosa grow better in the presence of physical surfaces (reviewed in Hall-Stoodley et al 2004).
In this study, the fly ash particles provided physical surfaces for cell attachment and likely
enhanced quorum sensing by creating high cell densities at these surfaces. Third, nutrients may be
concentrated through co-adsorption onto the coal fly ash surfaces along with the cells. Based on
XRD and electron microscopy analyses, the fly ash contains dominant fractions of alumina and
detectable amounts of iron oxide. Both alumina and iron-oxide particles tend to acquire positive
surface charge due to their high points-of-zero-charge (Xu et al., 2009) and thus, may have strong
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interactions with the organic compounds and biomolecules that are largely polyanionic, producing
attractive sites conducive to the bacterial growth.
The addition of fly ash accelerated biomass growth (black line, Figure 18). The sharp decline
in growth after the 14-day period may mark a limitation in available nutrients for the bacterial cells
whether it be the carbon content from dextrose or the lack of trace metals to facilitate metabolism
and continued growth. It is also possible the metal concentrations in the solution have surpassed
the threshold levels and began to negatively impact the growth of the bacterial cells. Measuring
the concentration of a wide range of trace elements in the solution over time allowed for further
evaluation of specific interactions between the bacterial cells and metals in the coal fly ash.
Importantly, the presence of Pseudomonas aeruginosa cells was found to negatively affect the
release of multiple trace elements in fly ash. Bacterial influence was observed on the mobilization
of trace elements and was strongest in the case of Fe, followed by Al, Mn, V, Cr, and As (i.e., Fe
> Al > Mn > V > Cr > As), listed in Table 2. Such effects are likely a combined result of several
factors that affect the trace element solubility in different ways. First, the presence of dextrose and
ammonium in the M9 medium of the controls and samples (M2-3, M5-8) and the cellular
metabolites in the samples (M5-8) may increase the solubility of a range of metals through
complexation effect. A multitude of organic species including simple organic acids and
monosaccharides have been known to chelate metals such as iron (Kuma et al., 1996; Andrews et
al., 2003) and the presence of such organic species can increase the metal solubility dramatically
in a relevant solution. The complexation effect in the presence of the bacterial cells, however, has
been largely masked by other factors, resulting in much lowered concentrations of released metals.
Further tests are needed to confirm the involved mechanisms, but several possibilities exist. The
bacterial cells might have behaved as a sink for the release metals through uptake, surface
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adsorption, and precipitation. It was also possible that the presence of bacterial cells and cellular
metabolites stabilized the fly ash and modified its dissolution patterns. To a much lesser degree,
the pH modification of the solution by the bacterial cells may affect the release of trace elements
from fly ash as well. This is likely unimportant because the growth of bacterial in the buffered
nutrient medium may only slightly decrease the pH and this potential decrease would have resulted
in higher concentrations of elements like aluminum and iron due to enhanced dissolution as shown
in Figure 25. Also, precipitates of iron and aluminum (and other metals) have distinct colors
yellow-orange and white, respectively, which were not observed in any of the solutions further
supporting that it is unlikely a dominant mechanism for removal of metals from coal fly ash
solutions.

Figure 25: Precipitation efficiency as function of pH for heavy metals from acid mine drainage
(from Balintova and Petrilakova, 2011).
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Focusing on aluminum, concentrations of samples containing Pseudomonas aeruginosa were
77% lower than those that did not (data for MC2 and MC3 versus MC5 to MC8). Notably the
aluminum concentrations in MC2 and MC3 increased steadily over the 14-day period, suggesting
a steady release into the solution through dissolution. However, leaching is unlikely as the M9
nutrient medium used as the matrix solution is pH buffered at 7.2 and aluminum is minimally
soluble in neutral pH environments. Aluminum in coal ash is found in the refractory mineral
mullite (Al6Si2O13) and in aluminisilicate glasses and comprises over 9.8 wt% of coal fly ashes
from the Ohio plant. Aluminum can be toxic to organisms and the suggested secondary maximum
contaminant limit (MCL) in drinking water is 0.05 to 0.2 mg/L, which in this scenario is far
surpassed at nearly 4 mg/L in our lab specific conditions in our leachable samples of only 100 mg
of fly ash in 150 mL of solution. In samples with microbes, this value is reduced to around 0.75
mg/L, which is a significant reduction of this element.
Results for iron are interesting in highly oxidized fly ash, it should be found primarily as ferric
iron (III) and which is not utilized readily by aerobic bacteria (Cornelis and Dingemans, 2013).
However, the concentration of iron in the solution is significant, ranging from ~1.5 to ~3.5 mg/L.
Lower iron concentration (by 81%) in the samples containing P. aeruginosa versus those imply
the microbes play a significant role scavenging iron from fly ash or otherwise decreasing it ability
to be leached. The secondary MCL for iron is 0.3 mg/L, which again is far surpassed in the water
soluble samples. The microbe containing samples reduced the content down to around 0.5 mg/L.
Iron is a necessary metal for many biological processes and is preferred by aerobic bacteria,
especially P. aeruginosa. Iron is not a component of M9 nutrient medium, so the only source for
this necessary metal is the fly ash.
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Chromium, manganese, and vanadium appear to have similar characteristics when interacting
with microbes in these samples. The lower trace element concentrations in solutions containing
microbes versus those that did not is intermediate compared to those with a high removal
(aluminum and iron) and low removal (arsenic). This may suggest that P. aeruginosa is able to use
these metals or otherwise reduce their leaching more and may prefer them to arsenic, although less
so than aluminum and iron. The arsenic in solutions does not appear to be inducing negative effects
on the microbes such as growth inhibition or premature death of bacterial cells. It is more likely
that the bacterial cells have no metabolic use for arsenic and therefore do not have a preference for
using this metal.
The particle size difference between samples MC 5, MC7 and MC 6, MC 8 produced no
significant differences in the results. Samples MC 5 and MC 7 are bulk fly ash from sample
3OHFA and samples MC6 and MC8 are sieved with 100 mesh (<150 µm) of the same fly ash
3OHFA. It is possible that there may be a more noticeable difference between samples if 3OHFA
had been cyclone separated below 2 µm as it was for electron microscopy. This was not done
because there was not an efficient, reliable way to consistently separate an equal mass of 100 mg
of <2 µm coal ash for each sample in the experiment.
4.2.1. POTENTIAL MECHANISMS FOR BIOLOGICALLY ENHANCED
MOBILIZATION OF METALS FROM FLY ASH
Pseudomonas aeruginosa use and incorporate trace elements commonly through biosorption
allowing for their accumulation and binding onto the cellular structure of the biomass created by
microbes (Tuzen and Soylak, 2008). This may be the primary mechanism for removal of trace
elements from the fly ash solution. Comparing the data for the abiotic controls (i.e., MC2 and
MC3) and the biological samples (i.e., MC5 to MC8), the concentration profiles of most trace
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elements in the aqueous solutions followed comparable trends with gentle slopes of increase and
fluctuations, although much sharper slopes exist in the trace element concentration trends of MC2
and MC3 . These patterns suggests that as elemental concentration in the solution increase
overtime, mainly controlled by dissolution, the bacterial cells have started interaction with trace
elements since the beginning of the growth phase. If this were not the case then the curves of
microbe containing samples would expect to be more parabolic because the metals in the solution
would be increasing until the microbes were able to remove them. Variations in trace element
concentrations for samples containing microbes are explained by differences in the amount of each
element dissolving especially because the most susceptible elements to dissolution are in coatings
on particles, but particles can often times cluster into aggregates which may be resilient to
dissolution and potentially create a lag time.
An alternative mechanism to a direct physiochemical removal and binding to the cellular
structure would be the precipitation of carbonates from the aqueous metals dissolved in solution.
The carbon source for the Pseudomonas aeruginosa cells in the experiments - glucose, was
transformed to carbon dioxide through cellular respiration and released into the solution forming
carbonate ions. Increased carbonate concentrations under slightly alkaline pH (i.e., ~8) might lead
to precipitation of carbonate minerals, incorporating the trace metals from the fly ash.
4.3. ENVIRONMENTAL IMPLICATIONS
There are significant environmental implications from this study. Coal fly ash, even in our
small experimental setup, readily releases heavy metals into a near neutral pH solution. Trace
element release varied by element, but many were above the EPA maximum contaminant limits
for drinking water or at least above the secondary maximum contaminant limits with only 100 mg
of coal fly ash added to 150 mL of solution, less than 0.1% total volume. One element in particular,
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arsenic, was readily released from fly ash sample 3OHFA at about 17% of the original
concentration in a pH buffered solution, but is minimally leached by the microbes, which suggests
that its availability is not affected by the presence of the bacteria. However, the fact that arsenic
has the highest percentage released from fly ash particles in our solution, even in the presence of
P. aeruginosa, indicates that arsenic and perhaps other trace elements that may react similarly and
are easily released into the oxidizing environments.
Second, for many of the trace elements investigated P. aeruginosa is efficient at removing
them from a solution and stabilizing them, likely inside their cellular structure. Assuming this is
the primary mechanisms reducing solubility in P. aeruginosa-bearing samples, the microbes were
able to remove 77% of aluminum and 81% of iron released from the coal fly ash over a period of
14 days. The fly ash supports faster growth and a larger biomass of the microbes, while the
microbes removed a significant portion of the trace elements leached from fly ash. Similarly, the
microbes in our experiment were able to remove on average over 30% of chromium and over 50%
of manganese and vanadium released from the fly ash. It is important to note that results presented
here indicate that P. aeruginosa appears notably less efficient at arsenic removal. This relationship
stresses that a fly ash spill, similar in composition to sample 3OHFA, containing high
concentrations of arsenic may be more easily released into an aqueous environment, but P.
aeruginosa and potentially other similar microbes and organisms could prevent its release. The
implications of this are both positive and negative. The unlikelihood of low level organisms to
interact with toxic metals like arsenic is positive because the hosts or consumers of these organisms
would then be unlikely to be exposed. However, because of the ease of arsenic being released into
an aqueous environment and limited interaction with microbes, there is a higher possibility that
these metals can end up in soils, plants, and water sources.
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Third, using Pseudomonas aeruginosa or other resilient microbes can be a very simple
bioremediation approach. In laboratory conditions, nutrient medium is required to promote growth
and activity of the microbes, but P. aeruginosa is a ubiquitous microbe and is found in soil, water,
plants, and other organisms in the environment and will thrive outside of ideal conditions. Using
microbes to bioremediate coal fly ash contamination could prove to be effective and efficient in
aqueous environments. The information in this study can be expanded to incorporate soil and plant
systems commonly found with these microbes to characterize their potential interactions with fly
ashes.

5. CONCLUSIONS
In this thesis, coal combustion products from a power plant in New Mexico and Ohio were
studied using electron microscopy and microbial experiment tools to examine morphology and
trace element distribution. Microbial experiments gave insight into the biologically-induced
removal of trace elements from CCPs and can give some inferences to what may occur in a natural
system exposed to these waste products. The following are the primary findings of the study:
•

Coal combustion products investigated are primarily composed of aluminosilicate and iron
oxide glass particles, regardless of particle size. There were very few differences between
the particle sizes with respect to elemental distribution. SEM analysis helped confirm the
morphology of coal fly ash particles and most appear to be near-perfect spheres in clusters.
Smaller particles are often spherical while larger particles can be angular and irregular.

•

Attempts to map the elemental distribution of trace elements and heavy metals within the
particles had limited success. The high sensitivity of SEM and TEM did help in finding
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some trace elements, but there are two likely reasons for the difficulty in their mapping: 1)
Aluminum, iron, and oxygen far outweigh any other elements in CCPs and therefore have
a much higher intensity than the other elements, making them more difficult to detect; and
2) trace elements and heavy metals are likely evenly distributed. Previous studies have
shown that CCPs likely form under conditions of vaporization in the boiler and other trace
elements condense from the flue gas onto fly ash particles, where they are distributed in
the coatings of fly ashes. This is more prevalent in the smaller particles because there is
less mass forming together, whereas in larger particles they can produce slightly more
complex, conjugate particles.
•

The elemental composition and morphology of coal fly ashes and other coal combustion
products is far more complex than originally thought with a variety of patterns for particles
to exhibit (i.e. imbedded rods, aggregate clusters, and spheres), which may influence the
way elements are released. Also, trace elements are not evenly distributed in coatings and
can appear in the structural core of a particle, which also may influence how those elements
are released.

•

The microbial experiment exposing an Ohio fly ash sample to P. aeruginosa showed
surprisingly consistent interaction with elements among the duplicates, but the individual
elements varied extensively. Samples with biomass exhibited significant influence on the
likely removal of aluminum, iron, vanadium, and manganese from 46.6% (V) to 84.190%
(Fe). Microbial influence on arsenic with 14.7% difference and 27.8% chromium was
observed. The remaining solution contains 61 µg/L arsenic, which is well over the US.
EPA Maximum Contaminant Limit for drinking water of 10 µg/L. Notably comparison of
bulk versus fine fraction produced no significant differences in the results.
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•

It is unclear at this point whether the aqueous metals released from the coal ash are
absorbed and incorporated into the biomass created by the bacteria or if they are adsorbed
to the viscous cellular surface. Regardless, a significant bacterial media induced removal
of the metals from the solution, but further studies would be required to determine exactly
where in the cellular media the metals reside.
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7. APPENDICES
Appendix A: Microbiological Experiment Raw Data

Table 1. Concentrations in µg/L of coal fly ash microbiological experiment solutions measured
via ICP-MS.
Al
MC1
MC2
MC3
MC4
MC5
MC6
MC7
MC8

D1

Fe
MC1
MC2
MC3
MC4
MC5
MC6
MC7
MC8

D1

Mn
MC1
MC2
MC3
MC4
MC5
MC6
MC7
MC8

D1

V
MC1
MC2
MC3
MC4
MC5
MC6
MC7
MC8

D1

Cr
MC1
MC2
MC3
MC4
MC5
MC6
MC7
MC8

D1

As
MC1
MC2
MC3
MC4
MC5
MC6
MC7
MC8

D1

D2
691.75
930.82
395.40
526.21
405.65
402.06

D3

60.38
927.86
1174.51
212.34
679.79
562.66
413.54
534.65
D2

464.06
845.87
211.78
468.63
381.85
378.51

D3

9.39
713.07
1074.93
21.59
630.18
542.32
365.95
526.34
D2

3.64
5.05
2.85
3.27

D3

D2
25.18
28.37
18.18
23.02
17.01
17.02
D2

7.28
10.52
7.79
7.55

D3

D2
31.57
36.90
24.24
33.80
24.99
25.91

D4

D5

D6

D7
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D14

D13

0.06
67.76
49.03
0.32
36.18
32.76

D14
1.78
23.74
20.33
1.45
13.26
12.67

D13
0.04
66.37
60.25
0.05
52.78
51.28

0.54
46.69
36.84
0.90
18.52
20.84

0.03
51.30
45.87
0.25
31.11
28.93

2.06
27.53
21.38
1.57
14.17
13.58

D12
0.05
61.35
53.93
0.05
56.39
49.96

D14

D13

D12

25.11
3240.51
1831.18
19.36
506.50
515.02

0.29
35.43
35.97
0.71
19.55
16.89

0.03
57.99
47.23
0.27
32.90
30.81

2.25
23.45
22.26
1.54
14.83
13.60

D11
0.08
61.10
55.14
0.05
51.14
45.02

D13

D12

D11

D14

20.09
1848.70
1742.22
15.41
549.95
431.75

5.04
46.56
36.71
0.72
20.69
18.83

0.06
50.93
45.03
0.28
34.44
31.26

1.81
23.41
20.21
1.50
14.42
12.74

D10
0.11
69.91
53.35
0.04
50.23
49.80
41.32
49.69

D12

D11

D10

D13

26.71
2573.50
1597.85
18.82
676.47
495.32

3.19
36.37
35.12
0.81
20.00
21.41

0.02
50.91
44.75
0.27
31.19
27.48

2.06
25.97
18.67
1.48
15.24
13.89
9.85
12.53
D9

0.06
60.44
49.57
0.05
52.17
49.21
45.49
52.71

D11

D10

D9

D12

26.49
1733.11
1632.39
16.36
609.58
614.10

0.46
36.61
36.55
0.61
15.15
18.74

0.02
59.78
41.70
0.28
32.02
29.43
23.54
28.15

4.91
26.95
17.99
1.53
15.96
25.88
11.53
14.37
D8

0.05
64.05
52.88
0.06
55.93
54.96
48.64
53.02

D10

D9

D8

D11

21.84
1657.50
1545.27
15.69
548.29
484.05

0.36
42.15
32.70
1.61
19.35
16.23
13.99
13.49

0.06
57.20
39.09
0.80
33.27
30.98
26.08
30.55

1.84
26.23
18.24
1.62
17.06
14.77
12.95
14.10
D7

0.06
58.98
60.71
0.08
52.61
52.07
46.81
50.96

D9

D8

D10
D11
D12
D13
D14
199.02
260.20
254.18
256.71
365.65
2346.62 2483.35 3141.91 2572.73 3905.52
2014.29 2118.42 2252.34 2303.46 2693.07
254.26
294.09
321.70
302.98
402.40
717.11
771.99
803.97
691.96
915.32
599.98
723.16
639.97
577.87
645.99

D10

19.34
1816.32
1441.60
15.53
691.99
495.15
298.44
434.37

0.74
41.09
30.93
0.75
16.09
22.28
13.50
14.86

0.03
53.85
40.50
0.27
36.39
32.64
28.70
29.70

1.84
21.35
20.80
1.50
17.24
14.85
12.46
13.71
D6

0.06
66.03
47.89
0.07
43.37
57.13
47.58
50.30

D8

D7

212.35
2567.41
1768.14
252.26
824.66
675.46
443.23
586.14
D9

35.67
2376.23
1419.21
15.33
627.43
747.05
370.83
561.71

0.28
38.88
32.18
0.69
23.21
21.55
16.39
15.27

0.01
46.23
44.16
0.28
37.41
31.42
26.78
29.53

1.57
26.96
20.36
1.56
14.90
15.84
12.50
16.49
D5

0.06
49.66
49.85
0.06
45.13
49.18
42.07
46.45

D7

D6

D9

287.35
2645.35
1576.42
242.35
800.75
1098.50
544.51
719.69
D8

19.04
1878.49
1444.81
16.78
839.85
639.80
443.26
569.36

0.31
33.15
35.93
0.59
24.33
19.93
14.27
16.80

0.00
56.47
36.41
0.29
30.42
32.15
27.22
27.76

1.34
19.45
17.81
1.45
15.23
14.18
11.86
13.00
D4

0.04
58.29
58.76
0.06
47.61
47.06
36.15
45.78

D6

D5

D8

162.62
2148.36
1641.30
250.75
996.98
767.38
655.47
768.88
D7

17.02
1387.83
1388.96
13.81
977.77
648.17
417.28
616.20

0.31
39.88
30.32
0.71
19.04
17.83
15.88
17.64

0.00
40.65
37.72
0.28
30.20
28.41
24.10
26.45

1.65
20.64
25.55
1.59
16.05
13.49
10.52
13.10
D3

0.04
42.91
52.18
0.07
42.27
45.38
36.17
42.30

D5

D4

D7

148.60
1745.53
1610.23
221.77
1101.74
786.94
611.72
722.76
D6

15.73
2031.99
1009.00
20.08
782.15
633.25
478.05
581.95

0.15
27.54
29.40
0.75
19.24
18.56
12.22
12.97

0.03
44.20
43.07
0.31
31.72
26.86
20.86
25.78

1.13
15.93
18.63
1.76
14.65
12.64
9.43
12.19

10.80
14.50

D4

D3

D6

96.71
1991.13
1180.51
193.16
858.38
774.99
606.20
643.25
D5

13.67
1113.79
991.80
25.43
799.83
621.93
457.37
543.80

0.20
30.04
32.85
0.74
20.68
14.12
10.17
12.57

0.01
33.75
38.84
0.35
27.08
25.58
19.65
23.62

D5

81.17
1284.30
1160.82
198.30
769.20
675.42
549.31
600.05
D4

12.84
1096.44
2186.30
22.62
787.16
562.14
438.75
569.65

0.09
19.26
30.41
0.90
12.97
13.04
8.49
11.78

6.49
9.18

D4

87.21
1329.38
1589.50
198.97
835.72
629.88
496.39
593.78

2.10
31.34
23.02
1.75
22.61
12.58

D14
0.09
61.35
56.73
0.07
51.13
47.62

0.09
71.98
58.51
0.08
61.39
52.59

Appendix B: Cadmium Isotopes as Tracers of Anthropogenic Processes
Cadmium is stable at the Earth's surface, primarily in the Cd (II) oxidation state. Cadmium has
eight stable isotopes with natural abundances from <1% up to almost 30%: (Pritzkow et al., 2007).
The slight variations in the isotopic compositions of Cd could shed light onto their sources,
pathways, and evolution history in the surface environment (Wiederhold, 2015). In this study, Cd
isotope compositions are determined by measuring

114Cd/110Cd

ratios in CCP samples. Measured

ratios were converted into delta notation (δ) comparing isotope ratio of sample to a standard using
equation 1:
114𝐶𝑑

( 110 )𝑠𝑎𝑚𝑝𝑙𝑒
𝐶𝑑

δ114Cd = [

114𝐶𝑑

( 110 )𝑠𝑡𝑑
𝐶𝑑

− 1] 𝑥 1000‰

(1)

Isotope measurements of soils and rocks (Wombacher et al., 2003; Cloquet et al., 2006; Gao
et al., 2008; Schmitt et al., 2009), show the variation of δ 114Cd values in natural materials is small
(~1‰). In anthropogenic processes such as combustion and electroplating can produce large Cd
isotope variations. Indeed, cadmium belongs to the post-transition metal group (IIB) and has a
relatively low boiling point of ~760°C, making it possible that high temperature processes can
alter physical and chemical state of Cd. Calculations by Wombacher et al. (2004) show that high
temperature combustion (~1500°C) could lead to significant fractionation of Cd (δ 114Cd: 10-20‰)
during metal evaporation and/or condensation; 10-20 times larger than natural variation. The
isotopic record of high temperature processes may allow Cd isotope ratios to be used to determine
if environmental Cd accumulations are anthropogenic. Cd isotope analyses may also provide a
new way to better constrain the behavior of trace metals during high temperature processes.
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Two previous studies have measured notable Cd and Zn isotope fractionations related to
various industrial samples (bottom ash and slag) from Pb-Zn smelters and refineries in Canada and
France, and in contaminated soils and sediments from nearby locations (Cloquet et al., 2006; Shiel
et al., 2010). In particles from exhaust filters of the plant were found to be isotopically depleted in
heavy δ114Cd and conversely the coarse slag samples collected from the furnace were found to be
enriched in isotopically heavy δ114Cd (Cloquet et al., 2006). In addition, δ114Cd ratios were
measured in known contaminated soils in the top 40 cm of 2m soil cores with increasing distance
from the refinery. Results of this showed that top soils close to the refinery were depleted in
isotopically heavy δ114Cd, which may be linked to the fine particles leaving the exhaust (Cloquet
et al., 2006). These observations together support the suggestion that coal combustion can produce
notable differences in the δ114Cd from evaporation and condensation of metals in the flue gas,
which makes δ114Cd a good tracer of anthropogenic input in the environment nearby coal power
plants or deposition sites of coal combustion products. In this study, the Cd isotope compositions
will be characterized by measuring 114Cd/110Cd ratios in samples of CCPs.
Sample preparation for isotope analysis:
The analytical work of this isotope study was conducted in the Department of Geological
Sciences at University of Texas at El Paso. All the glassware such as volumetric flasks, tubes,
cylinders, beakers and columns, were acid-washed with 20% hydrochloric acid and ultra-clean
(18.2 MΩ) water. The acids used for Cd separation during anion-exchange chromatography were
double-distilled in-house in Teflon acid stills. Selected leachate samples (2NM, 3OH) using the
finest particle fraction (<2 µm) was processed for Cd isotope analysis. Anion-exchange column
chromatography was used to separate Cd from the matrix of leached samples. The procedure
minimizes isobaric interferences of Cd isotopes during isotope analysis (Wombacher et al., 2003;
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Cloquet et al., 2006; Shiel et al., 2009). Previous studies showed that diluted acids from 0.05N to
8N such as HCl, HNO3 and a mixture of HBr + HNO3 have produced highly purified Cd samples
(Wombacher, et al. 2003). The procedure in Wombacher et al. (2003) was followed in which two
consecutive steps will be applied. Initially, large Teflon columns are filled with 3.4 ml 100-200
mesh AG 1-X8 resin (BioRad®). Dilute acids were added to the resin to elute the sample matrix
while Cd rinsed with 2N HNO3. To remove any possible remaining oxides, the samples are dried
at 100°C and then brought up in 2 ml ultra-pure HNO3. For further purification, the samples are
run through 340 μL TRU resin (Eichrom®). Solution of 8N HCl removes the sample matrix and
Cd is eluted with 6N HCl. The samples are dried and brought up in 2 ml ultra-pure HNO3 a second
time. Ideally, the samples have 100% yield of the element of interest with no contribution of other
elements from the sample matrix.
Isotope analysis via MC-ICP-MS:
Cadmium isotope compositions were analyzed by a Nu Plasma multi-collector Inductively
Coupled Plasma-Mass Spectrometer (MC-ICP-MS) at the Center of Earth and Environmental
Isotope Research at the University of Texas at El Paso. Prior to analysis, the previously dried
samples were brought up in 2% ultra-pure HNO3. Voltages of the masses 110, 111, 114 (Cd
isotopes) were measured. Three blocks of measurements were measured with 25 cycles for each
one. The bracketing standard Cd NIST 3108 was used to correct for any instrumental isotope
fractionation during analysis. Precision of Cd isotope analysis was assessed by using BAM I012,
Münster, JMC and JMn-1 international Cd standards.
Results: Cadmium Isotopes
Previous studies have shown that cadmium isotopes in fly ash leachate samples are significantly
heavier (greater than 3‰) than bottom ash leachate samples in all samples, which leads us to
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suggest that the observed fractionations in these ash samples are dominantly controlled by
condensation during the flue gas cooling process within the power plant and not evaporation.
During this cooling process, vapor phase fly ashes condense into alumino-silicate glass-like
spheres. Leaching experiments and bulk chemical analyses have determined that the highest trace
element concentrations in CCPs reside in the finest particle fraction, which may be due to the
greater surface area to volume ratio providing available sites for element deposition during
condensation.
To determine the Cd isotopic signatures during the potential release of these elements from the
CCPs to the environment, Cd isotope compositions in products from additional batch leaching
experiments (acetic acid and 5% nitric acid), were investigated. Preliminary isotopic signatures in
leachate samples show a considerable amount of heavy cadmium enrichment (up to nearly 6‰) in
New Mexico fly ash samples and over 2‰ in Ohio fly ash samples. In all but one sample, the
isotopic signatures for acetic acid leachates are significantly heavier than those of the 5% HNO 3
leachates. This observation may be due to both where cadmium resides in fly ash particles and the
relative strength of the acids. Acetic acid, the weaker of the two, may be contributing to the release
of the weakly bound cadmium in surface coatings whereas 5% HNO3 is more aggressive and
possibly dissolving fragile particles containing cadmium.
Cd
Isotope
106
108
110
111
112
113
114
116

Abundance (%)
1.25
0.89
12.49
12.80
24.13
12.22
28.73
7.49
59

Table 1. Stable Cd isotopes in nature (Pritzkow et al., 2007).

Appendices References:
Cloquet, C., Carignan, J., Libourel, G., Sterckeman, T., and Perdrix, E., 2006, Tracing Source
Pollution in Soils Using Cadmium and Lead Isotopes: Environmental Science & Technology,
v. 40, no. 8, p. 2525–2530, doi: 10.1021/es052232+.
Gao, B., Liu, Y., Sun, K., Liang, X., Peng, P., Sheng, G., and Fu, J., 2008, Precise determination
of cadmium and lead isotopic compositions in river sediments: Analytica Chimica Acta, v.
612, no. 1, p. 114-120.
Pritzkow, W., Wunderli, S., Vogl, J., and Fortunato, G., 2007, The isotope abundances and the
atomic weight of cadmium by a metrological approach: International Journal of Mass
Spectrometry, v. 261, no. 1, p. 74–85, doi: 10.1016/j.ijms.2006.07.026.
Schmitt, A.D., Galer, S.J.G., and Abouchami, W., 2009, Mass-dependent cadmium isotopic
variations in nature with emphasis on the marine environment: Earth and Planetary Science
Letters, v. 277, no. 1-2, p. 262-272.
Shiel, A.E., Barling, J., Orians, K.J., and Weis, D., 2009, Matrix effects on the multi-collector
inductively coupled plasma mass spectrometric analysis of high-precision cadmium and zinc
isotope ratios: Analytica Chimica Acta, v. 633, no. 1, p. 29–37, doi:
10.1016/j.aca.2008.11.026.
Shiel, A.E., Weis, D., and Orians, K.J., 2010, Evaluation of zinc, cadmium and lead isotope
fractionation during smelting and refining: Science of The Total Environment, v. 408, no. 11,
p. 2357–2368, doi: 0.1016/j.scitotenv.2010.02.016.
Weiderhold, J.G., 2015, Metal stable isotope signatures as tracers in environmental
geochemistry: Environmental Science & Technology, v. 49, no. 5, p. 2606-2624
60

Wombacher, F., Rehkämper, M., and Mezger, K., 2004, Determination of the mass-dependence
of cadmium isotope fractionation during evaporation: Geochimica et Cosmochimica Acta, v.
68, no. 10, p. 2349–2357, doi: 0.1016/j.gca.2003.12.013.
Wombacher, F., Rehkämper, M., Mezger, K., and Münker, C., 2003, Stable isotope compositions
of cadmium in geological materials and meteorites determined by multiple-collector ICPMS:
Geochimica et Cosmochimica Acta, v. 67, no. 23, p. 4639–4654, doi: 10.1016/S00167037(03)00389-2.

61

8. VITA
Matthew Albert Costa was born and raised in central Connecticut. He obtained a B.S. in geology
from Central Connecticut State University in New Britain, CT. While studying at CCSU, he was
a student researcher as well as a tutor for geology and environmental science classes. He presented
several research projects at national conferences such as Geological Society of America in 2014
and 2015 as well as the American Geophysical Union in 2015. In graduate school, Matthew
presented in two UTEP geological sciences colloquium, winning First Prize in poster sessions both
years. He also was awarded the Dodson Research grant and the Antoinette Lierman Medlin
Scholarship from the Geological Society of America Energy Division. In summer 2017, he
interned at NASA Kennedy Space Center Granular Mechanics and Regolith Operations
Laboratory (SwampWorks) working on research and development projects for future Mars space
missions.

Permanent email address: matthew.a.costa211@gmail.com
This thesis was typed by Matthew A. Costa.

62

